Objectives Magnetic resonance imaging (MRI) is regarded as a non-harming and non-invasive imaging modality with high tissue contrast and almost no side effects. Compared to other cross-sectional imaging modalities, MRI does not use ionising radiation. Recently, however, strong magnetic fields as applied in clinical MRI scanners have been suspected to induce DNA double-strand breaks in human lymphocytes. Methods In this study we investigated the impact of 3-T cardiac MRI examinations on the induction of DNA double-strand breaks in peripheral mononuclear cells by γH2AX staining and flow cytometry analysis. The study cohort consisted of 73 healthy non-smoking volunteers with 36 volunteers undergoing CMRI and 37 controls without intervention. Differences between the two cohorts were analysed by a mixed linear model with repeated measures.
Introduction
Since the late 1980s magnetic resonance imaging (MRI) has become an accepted modality for the non-invasive imaging of living species, with superb morphological and functional assessment of tissues and organs. In contrast to other crosssectional imaging modalities, MRI does not utilise ionising radiation. It has therefore been promoted as a harmless noninvasive imaging modality without possible hazards to biological tissue. This is the main reason that MRI is regarded as the optimal cross-sectional imaging modality for paediatric patients and young adults despite its higher costs, long scan times, reduced patient comfort and impaired access to the patient.
There are side-effects of MRI [1, 2] that have been dealt with by internationally accepted precaution rules [3, 4] . Short-term effects like excitement of peripheral nerves [5] could explain symptoms like vertigo, nausea or metallic taste which are rarely experienced during MR examination [6, 7] . Radiofrequency pulses used by MRI might cause tissue damage through overheating [8] . The effect of tissue damage through overheating has been addressed by the maximal specific energy absorption rate (SAR) applicable to any MRI examination [4] .
Recently, however, DNA double-strand breaks (DSBs) after exposure to MRI examinations have been reported, which caused an upheaval in the medical community and profound irritation within informed patient groups. DSBs have been suggested to indicate damage to DNA that has the potential to induce cancer [9, 10] . DSBs are known to occur spontaneously [11] or during diagnostic imaging and intervention utilising Xrays [12] [13] [14] [15] [16] [17] . Similar changes due to strong, alternating magnetic fields or exposure to radiofrequency energy used in clinical MRI systems are controversially debated [18] [19] [20] [21] [22] [23] [24] [25] [26] . If DSB can be induced by MRI it would mandate a fundamental change in the risk assessment of MRI, especially in patient care, but also in clinical as well as preclinical research.
Although the stakes are high for profound changes in the way we perform diagnostic imaging, conducted studies on DSBs in MRI so far have aspects of methodology that might be improved [19, [23] [24] [25] [26] [27] [28] . We therefore designed and conducted a prospective and blinded trial assessing γH2AX in peripheral blood mononuclear cells (PBMCs) in healthy volunteers undergoing MRI to DSBs in an age-matched control group not receiving any interventions [29] . To our knowledge investigating DNA DSBs in a 3-T environment via a controlled trial is a novel approach that has not been published before in a similar manner.
Methods

Patient selection
Between April and November of 2014, 73 healthy nonsmoking volunteers were recruited and randomised into a group for cardiac MRI (n=37) and no-intervention (n=36). Demographic variables including age, gender, height and weight, and body mass index (BMI) were documented. A comprehensive interview was conducted before recruitment of the volunteers in both groups mainly consisting of medical students enrolled at University Medical Center Göttingen. Exclusion criteria were prescription drugs except for oral contraceptives, more than usual alcohol intake, smoking and exposure to X-rays or ionising-based imaging up to 2 months prior to the experiments. The study was approved by the local ethics committee. Informed consent was obtained from all volunteers.
Cardiac MRI group
The 36 volunteers randomised in this group underwent regular CMRI using a 3-T system (Siemens Skyra, Erlangen, Germany). Maximum gradient strength was 45 mT/m and maximum gradient speed was 200 T/m/s. Briefly we used steady-state free precession true fast imaging sequences as well as gradient echo localisers, both widely used in CMRI today. Acquired views were four-chamber, vertical long axis, left ventricular outflow tract and a short axis stack for localisers as well as ECG-triggered cine breath-hold sequences. Volunteers were placed head first in a supine position; a total of 24 phased array receive coils were used covering the thorax of the volunteer. Average scanning duration was roughly between 40 and 50 min.
Cardiac MRI examination was chosen due to the high gradient-fields applied during this specific type of examination as well as the large portion of the body exposed to radiofrequency energy and static magnetic field during the procedure.
Control group
The 37 volunteers randomised to this group had to take a leisure time-off after initial blood sampling. After 3 h the second blood sample was drawn. Volunteers in this group were not allowed to perform any stressful physical activities and were asked to avoid any physical or psychological conflicts.
Sample collection
A venous blood sample of 2 x 7.5 ml was drawn from all participants at baseline and stored in EDTA-coated monovettes at ambient temperature. Another 7.5 ml of venous blood was sampled 1 h after the 1-h cardiac MRI (CMRI group) or after 2 h of leisure time without strong physical activity (control group), i.e. 3 h after the initial blood withdrawal (Fig. 1) . The γH2AX status indicating DSBs in peripheral blood mononuclear cells (PBMCs) was analysed by flow cytometry in all blood samples starting 30 min after the last blood sample of the volunteer (Fig. 1) . Team members analysing the blood samples were blinded as to the point of time of the blood sample as well as to the membership of the volunteer to the CMRI or control group. Blood samples were stored at room temperature as preliminary experiments revealed a large increase in background noise when stored on ice (results not shown).
Flow cytometry
To produce a quality control for the staining procedure, 7.5 ml of the first two blood samples were irradiated with a dose of 2 Gy (1 Gy/min, 2 min) in an X-ray machine (RS225A, Gulmay Medical) and incubated at 37°C for 30 min to induce phosphorylation of H2AX. All other samples were kept at room temperature. All further steps in the workup were conducted identically. PBMC isolation was performed by density gradient centrifugation using Lymphoprep and SepMate tubes (Stemcell Technologies, Grenoble, France).
γH2AX staining procedure was done according to Muslimovic et al. [30] . Briefly, 150 μl of the PBMCs were incubated on ice with anti-γH2AX fluorescein isothiocyanate (FITC) conjugated antibody clone JBW301 (16-202A, Merck Millipore, Darmstadt, Germany) diluted 1:2,000 in Block9 staining buffer (1 g/L bovine serum albumin (BSA), 8 % (v/v) mouse serum, 0.1 g/L RNase A, 10 mM NaF, 1 mM Na 2 MoO 4 , 1 mM Na 3 VO 4 , 0.25 g/L Herring Sperm DNA Type XIV, 0.1 % TritonX-100, 5 mM EDTA, 0.05 % (w/v) NaN 3 (all chemicals: Sigma Aldrich, Schnelldorf, Germany) for 2 h. To stain the DNA content, TO-PRO-3 (Life Technologies, Darmstad, Germany) was added to a final concentration of 1 mM in 0.1 % BSA and incubated for 1 h on ice. Afterwards, the sample was diluted with 0.1 % BSA, filtered through a 0.4-μm mesh and analysed by flow cytometry on a FACSAria System (BD, Heidelberg, Germany) gating for 20,000 TO-PRO-3 positive cells per sample. Each sample analysis was performed in triplicates.
Data were analysed with FlowJo software (v7.6.5, TreeStar Inc., Ashland, OR, USA), by using the FITC median fluorescence intensity of TO-PRO-3 positive cells.
Statistics
Sample size calculation was based on the results from Fiechter et al. [28] . Using a two-sample t-test with a two-sided type one error of 5 % the needed sample size per group was 36 (overall n=72). For details see the Electronic Supplementary Material (ESM). (hour glass; control group). The last blood sample, termed postprocedure, was drawn 1 h after the MRI examination at 3 h. Irradiation with 2 Gy and subsequent incubation at 37°C of one of the two first samples took place in parallel to the MRI examination. The isolation of PBMCs (centrifuge) and the staining procedure were performed as usual. Blood samples were kept at ambient temperature until time-point 3.5 h All analyses were performed using SAS 9.4 (SAS Institute Inc., Cary, NC, USA).
For normal distributed variables mean and standard deviation were calculated. Furthermore, normally distributed variables were compared between the two groups (MRI and control) using the two-sample t-test (with Satterthwaite approximation in the case of variance heterogeneity). For categorical variables, the absolute and the relative frequencies were calculated, and they were compared between the groups with the chi-square test.
Homogeneity between the three measurement replicates was verified with Bland-Altman analyses (results are presented in the ESM).
To investigate if there was a change from the first to the second (post-procedure) blood withdrawal in the two groups, the relative change between the two blood withdrawals was calculated by the absolute difference of the medians (of the three replicates) of the two blood withdrawals, divided by the median of the first blood withdrawal. Using the one-sample t-test we checked if the change was different from zero in the two groups.
For the primary analysis, a mixed linear model with repeated measures was used. The outcome variable was the relative change between the two blood withdrawals (calculated by the difference of the individual measurement of the second blood withdrawal and the median of the first blood withdrawal, divided by the median), the three replicates were the repeated measures and the group was the factor. The type I error was set to 5 % two-sided. To investigate if there is an effect of age, height, BMI or gender, we added the covariates individually to the model in secondary analyses.
Results
Volunteer characteristics
The study cohort as shown in Table 1 consisted of 73 healthy non-smoking volunteers with 36 volunteers undergoing CMRI (CMRI group) and 37 controls without intervention (control group). Further exclusion criteria were any chronic disease, increased alcohol consumption and history of cancer. While no volunteer was on medication for any disease or symptom, approximately 90 % of all female volunteers took oral contraceptives. The two groups were comparable with respect to age (p=0.20, t-test), height (p=0.40, t-test), BMI (p=0.87, t-test) and sex (p=0.29, χ2-test) ( Table 1) .
Assessment of γH2AX in peripheral blood mononuclear cells (PBMCs)
A widely applied marker for the investigation of DNA damage induced by radiation or chemical compounds is the phosphorylation of a special form of histone 2A (H2AX) on Serine 139 (gamma-H2AX or γH2AX) [14, [30] [31] [32] [33] [34] . The phosphorylation of H2AX in PBMCs was assessed by flow cytometry [35, 36] . There was a significant increase in the median fluorescence intensity (MFI) from baseline to the second blood withdrawal (post-procedure) by 6.7 % (SD 7.18 %) and 7.8 % (SD 6.61 %) in the control group (Table 2, Fig. 2 a, b) . Mean time between blood withdrawal and fixation of peripheral blood lymphocytes was approximately 210 min for the first and 30 min for the last blood withdrawal for MRI as well as the control group. A previous study showed significant interindividual variation in γH2AX phosphorylation of PBMCs after X-ray radiation and administration of DSBinducing drugs using FACS [37] . It should also be noted that FACS analysis results in arbitrary values rather than absolute values depending on calibration and amplification factor. Between initial assessment we mainly increased our MRI but also our control group to increase statistical power, leading to several months' difference in some samples and re-calibration of the FACS machine in between. We therefore mainly compared relative changes than absolute values. Absolute values are provided in Table 3 and in the ESM. A comparison between the two cohorts revealed no significant difference in the MFI increase between the two groups (p=0.68). Including the covariates individually into the model showed that none of the covariates had an effect on the relative change (age: p=0.61, height: p=0.76, BMI: p=0.74, gender: p=0.71), and the effect of the group did not relevantly change (p between 0.42 and 0.88). Detailed results are provided in the ESM.
For performance testing of the assay, one of the two baseline blood samples from each volunteer was irradiated with 2 Gy to induce DNA double-strand breaks. Compared to the baseline sample, the MFI values of the irradiated samples were increased by 202 % and 168.6 % for the MRI and control groups, respectively.
Discussion
The aim of this work was to study the potential presence of DNA DSBs in healthy volunteers exposed to cardiac MRI [23, 28, 38, 39] . In contrast to similar studies published earlier, the results of the MRI cohort (n=36) were compared to an equally-sized control cohort (n=37) not undergoing CMRI [38] .
The change of the phosphorylation of histone 2A on residue Ser139 (γH2AX) as seen during flow cytometry was used as a marker of DNA double-strand breaks. It is a widely applied method [36, 40, 41] and used as a sensitive treatment response in patients undergoing radiotherapy [42] . We did SD standard deviation observe a significant increase in γH2AX in peripheral blood monocytes after CMRI by 6.7 % in the MRI cohort. However, an increase of γH2AX was even a little bit more pronounced (7.8 %) in the unmatched control cohort not undergoing an MRI examination. The difference in increase in γH2AX between the two cohorts was not significant. Thus, it appears that the increase in γH2AX is not related to the CMRI examination. Rather we believe that the time between blood sampling and fixation of the peripheral blood monocytes is the only predictor for the increase in DNA double-strand breaks in our setting. We took the different time points for the processing of all samples acquired from one volunteer (pre-, post-and control) deliberately into account to ensure an identical handling and staining procedure. The simultaneous isolation of PBMCs and γH2AX staining with the same batches of all used buffers reduced the variability of our sampled data. The impact of the exposure to strong magnetic fields on the induction of DNA double-strand breaks is controversially debated [43] . The conclusions range from decreased DNA damage [44] to an increase of more than 10 % of fluorescence intensity [28] . Fiechter et al. published a study of 20 patients undergoing cardiac MRI at 1.5-T field strength including contrast media but without stress-medication. An increase of DSBs of roughly 14 % was observed when comparing blood samples before and after the CMRI examination. The authors concluded that cardiac MRI induces DNA double-strand breaks. Fiechter et al. did not include a control group without cardiac MRI in their survey. Compared to our results it is difficult to attribute the increase in DSBs seen by Fiechter et al. to cardiac MRI only. A more recently published study investigated γH2AX phosphorylation after 1.5-T noncontrast-enhanced CMRI and showed a significant increase via FACS analysis in T-lymphocytes after 2 days and 1 month in 20 male volunteers, but only comparing the results to a rather small control cohort of five male volunteers [38] . As that study was published after the conduction of our study we were not able to draw blood samples to either prove or disprove any change after 24 h. In addition, previously published work showed limitations in FACS analysis beyond the first hours after exposure as the background noise increases [30, 37] . On the other hand, most studies also suggested that most DNA repair mechanisms involving γH2AX occur in the very first hours after exposure to potentially harmful agents [12, 37, 45, 46] . Although fluorescence microscopy is the most widely applied scoring method for H2AX-phosphorylation and might be more sensitive than flow cytometry, previous studies have shown that flow cytometry is sensitive enough for most clinical applications [47] .
In addition, previous studies using fluorescence microscopy were not able to show a significant increase in γH2AX phosphorylation of lymphocytes [39] . Newest studies even included 7-T MRI scanners with no increase in DSBs in vitro or in vivo [23, 24] . While these studies show similarities to our study, neither one investigated the effects of non-contrast enhanced 3-T cardiac MRI or provided statistical reasoning for cohort size of either interventional group or sub-group. Our study investigated PBMCs instead of T-lymphocytes, which could possibly be a limiting factor. The abovementioned studies from Brand et al. [39] as well as Fatahi et al. [23, 24] further support our findings that CMRI does not induce an increase in DSBs.
However, DNA double-strand breaks along with the induction of γH2AX can be induced by multiple factors. In particular stress has been shown to promote DNA damage through nervous pathways [48] [49] [50] [51] . While this might be a reason for the observed increase of γH2AX phosphorylation in the MRI cohort of our study, it does not explain the increase in our control cohort -we made sure that the volunteers of the control cohort had a relaxing environment between the two blood samples.
In vitro studies have shown an increased cell death in proliferating lymphocytes exposed to electromagnetic fields [52] as well as unshielded gadolinium [53] , the key component of MRI contrast agents. However, application in humans is limited to gadolinium complexed to glycoside-chelates, thus shielding the cytotoxic gadolinium from direct contact with living cells. In vitro studies looking at the effects of electromagnetic fields usually employ long exposure times, e.g. up to 4 h, to changing or static magnetic fields that also are not comparable to clinical MRI applications.
When measuring subtle changes in DNA integrity a high degree of standardization and quality control is mandatory. Therefore, we applied a highly standardised procedure during the whole process of analysis including flow cytometry. This included the irradiation of a separate blood sample from every single volunteer to serve as a positive control to prove the validity of the staining procedure for induced double-strand breaks. The cohorts were recruited from healthy volunteers of matched age and sex. Our overall approach including power calculation for the cohort size was designed to be able to delineate any impact of a native CMRI exam on DNA damage with a sensitivity of more than 80 %. The presence of a control group, the positive control probe in both study arms as well as the highly standardised analysis procedure are the important differences in methodology compared to previous studies on this subject.
A limitation of our study might be the handling procedure of the samples starting from the blood sampling until the staining procedure of the isolated PBMCs. Since all samples were processed simultaneously, the blood samples drawn before CMRI were kept at room temperature for 3 h, whereas the samples after CMRI were kept in the same condition for only 30 min. Nevertheless, we strictly adhered to the same time frames for blood sampling in both the MRI and the control cohort. As FACS results represent only arbitrary values, we favoured simultaneous processing over sequential processing to avoid possible errors due to minor calibration differences and decreased differences in pipetting of buffer solutions. These minor changes reflect well in the overall low variation of intra-individual changes resulting in a mean coefficient of variation of 1.7-2.13 % pre-MRI and post-MRI in both the control and the MRI groups (ESM Table S8 ).
A reason for the higher γH2AX signal in the second blood sample in both cohorts could be a dephosphorylation of H2AX during the storage of the blood samples that decreased the detection of γH2AX signal by flow cytometry. This dephosphorylation might have been more evident after 3-h waiting time for the first in comparison to only 30 min for the second blood sample. Based on the design of our study we cannot exclude possible effects on γH2AX induced by the injection of contrast agents during MRI as no volunteer received contrast agents. Our primary objective, however, was to rule out a principle effect of MRI on the presence of increased γH2AX as a surrogate parameter for DSBs within the limits of clinical application of MRI.
Conclusion
Based on our study, γH2AX flow cytometry shows no evidence that 3-T MRI examinations as used in cardiac scans induce DNA double-strand breaks in peripheral mononuclear cells.
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